High-performance titanium alloys with an equiaxed composite microstructure were achieved by sintering and crystallizing amorphous powder. By introducing a second phase in a β-Ti matrix, series of optimized Ti-Nb-Fe-Co-Al and Ti-Nb-Cu-Ni-Al composites, which have a microstructure composed of ultrafine-grained and equiaxed CoTi 2 or (Cu,Ni)Ti 2 precipitated phases surrounded by a ductile β-Ti matrix, were fabricated by sintering and crystallizing mechanically alloyed amorphous powder. The as-fabricated composites exhibit ultra-high ultimate compressive strength of 2585 MPa and extremely large compressive plastic strain of around 40%, which are greater than the corresponding ones for most titanium alloys. In contrast, the alloy fabricated by sintering and crystallizing Ti-Zr-Cu-Ni-Al amorphous powder, which possesses significantly higher glass forming ability in comparison with the Ti-Nb-Fe-Co-Al and Ti-Nb-Cu-Ni-Al alloy systems, exhibits a complex microstructure with several intermetallic compounds and a typical brittle fracture feature. The deformation behavior and fracture mechanism indicate that the ultrahigh compressive strength and large plasticity of the as-fabricated equiaxed composites is induced by dislocations pinning effect of the CoTi 2 or (Cu,Ni)Ti 2 second phases and the interaction and 2 multiplication of generated shear bands in the ductile β-Ti matrix, respectively. The results obtained provide basis guidelines for designing and fabricating titanium alloys with excellent mechanical properties by powder metallurgy.
Introduction
Titanium alloys have been widely used in many fields due to their high specific strength, excellent corrosion resistance and good biocompatibility [1] . As an important type of structural materials, pursuing higher strength and plasticity in titanium alloys has become the primary goal for researchers to meet the stringent requirements for new engineering applications. To achieve enhanced properties, a series of advanced Ti-based alloys such as bulk metallic glasses and nanostructured materials [2, 3] have been fabricated by new fabrication facilities and innovative process routes. However, these alloys usually fail at room temperature in an apparently brittle pattern by forming a single shear band under stress.
Furthermore, although strategies of introducing some ductile dispersed micrometer-sized crystalline phases into a glassy matrix or nanostructured matrix have been successfully developed to improve their plasticity [4, 5] , the small critical size of those alloys cannot meet the requirements for engineering applications. Therefore, it is a big challenge for applications of these advanced materials.
In recent years, a process of sintering and crystallizing amorphous powder has been employed to fabricate larger-scale advanced titanium alloys with high strength and large plasticity [6, 7] . In this process, amorphous powder was used as precursors to fabricate a high-performance titanium alloy, which was primarily ascribed to the following reasons.
Firstly, amorphous powder possesses a special physical property of viscous flow in supercooled liquid region [8, 9] , which can be used to synthesize the fully or near fully dense 3 bulk alloys at relatively low sintering temperatures. Secondly, nanosized or ultrafine grains can easily be achieved by accelerating nucleation rate and suppressing the growth rate of grains induced by increasing heating rate and decreasing sintering temperature during crystallization of amorphous powder [10] . Finally, an equiaxed microstructure is prone to form by sintering and crystallizing of amorphous powder [6] . However, based on the previous results with bulk metallic glasses, the mechanical properties would be drastically deteriorated when crystalline phases such as an intermetallic or complex compounds form in the alloy [11] . Fortunately, it was recognized in previous work that some equiaxed composite alloys fabricated by sintering and crystallizing amorphous powders have exhibited even higher strength and larger plasticity than the corresponding alloys prepared by rapid solidification [6, 12] . Therefore, a question arises about what kind of composition of metallic amorphous powder is most suitable for the process of sintering and crystallizing amorphous powder.
In this work, to understand how chemical constituents of alloys affect the microstructure and mechanical properties of the sintered and crystallized (SCed) alloys, amorphous powder with different compositions was designed and selected to shed light on the general rule for fabricating equiaxed titanium alloys with high mechanical properties using the powder metallurgy process. It is expected that the results obtained in this work can provide some guidelines for designing and fabricating titanium alloys by sintering and crystallizing amorphous powder.
Experimental
The designed alloys used in this work are listed in Table 1 Table 1 were chosen to investigate the effect of changes in Fe and Co contents on the microstructure and mechanical properties of the alloys. The alloys F and G were selected for the effect of Nb content on the microstructure and mechanical properties in the 4 Ti-Nb-Cu-Ni-Al alloy system. Table 1 The chemical compositions (in wt%) of the designed multicomponent Ti-Nb-(M-N)-(Al) alloys. M, N are (Fe, Co) or (Cu, Ni).
In the process of sintering and crystallizing amorphous powder, amorphous powder was first prepared from its respective elemental powder by mechanical alloying in a high-energy planetary ball mill (QM-2SP20, apparatus factory of Nanjing University) under a purified argon gas atmosphere (99.999%, 0.5 MPa). The diameters of the stainless steel balls were 15, 10, and 6 mm with a weight ratio of 1:3:1 respectively. The ball-to-powder mass ratio was Netherlands) coupled with energy dispersive X-ray (EDX) analysis were used for microstructure/fractographic investigation. To evaluate the mechanical properties of the SCed bulk alloys for comparison with the reference alloys, cylindrical specimens of 3 mm in diameter and 6mm in length were tested in a universal testing machine (MTS testing system) under quasistatic loading at a strain rate of 5u10 -4 s -1 , and a small strain gauge was used to calibrate and measure the strain during loading. All the data of mechanical properties were averaged from three mechanical tests. solidification, but an amorphous phase can form in these alloys by provided energy increase from mechanical alloying [13] . Therefore, alloy H has significantly larger glass forming ability compared with the alloys A-C. As such, the milling time for alloy H to form an amorphous structure is far shorter than those for alloys A-C. Fig. 1 and (c)), respectively. The size of alloy H powder is about 20-40 μm. The reasons for the smaller sizes of the alloys B and C powder compared to that of alloy A can primarily be ascribed to the physical properties of different powder. It is well known that milling is a process to refine powders by repeated welding, fracturing and rewelding of powder particles in a high-energy ball mill. For alloy A, the formed bcc β-Ti phase solid solution is ductile and difficult to break, which make the particle size stable. In contrast, for alloys B and C, more dissolution of elements Fe, Co and/or Al into the β-Ti phase with increasing the milling time makes the alloy powder brittle to be easily broken along with the effect of the solution strengthening. Therefore, the alloys B and C powder have smaller particle sizes.
Results

Preparation of amorphous powder
Microstructure of SCed bulk alloys
Fig . 3 and so on. The lattice parameters of the bcc β-Ti phase in the SCed bulk alloys are summarized in Table 2 . It can be found that the lattice parameters of the β-Ti phase for the SCed alloys are greater than the corresponding ones for their as-milled alloy powder. This is because of the dissolved elements in the amorphous powder, including Fe and Co, which begin to form a precipitated phase, such as CoTi 2 . Thus, the lattice parameter of the β-Ti phases increases with the precipitation of a second phase because the atomic radii of Fe and
Co are much smaller than that of Ti. phases dispersed in ultrafine-grained or nano-sized matrix) from the nanostructure-dendrite bimodal microstructure (i.e. micron-sized ductile dendrites embedded in ultrafine-grained or nano-sized eutectic matrix) in the melt-solidified alloy with analogous compositions [3, 12, 16, 17] . During the process routes investigated (i.e. sintering and crystallizing amorphous powder), the sintering amorphous powder typically undergoes nucleation and growth, which is similar in the solidification. It is known that, compared with solidification process, the diffusion coefficient of each element in powder during the process of sintering and crystallizing is far smaller than that in melt. However, the amorphous powder in this work was sintered at a high heating rate of 100 °C/min by spark plasma sintering. Such a high heating rate can promote nucleation and suppress grain growth [10, 18] . Hence, it is difficult to form a dendritic phase in the process of sintering and crystallizing amorphous powder. that the phase distribution in the alloy is cluttered and disorganized. Although the alloy was also consolidated from amorphous powder, this alloy has significantly different phase constituents, morphologies, and distributions from the composite microstructure in the other alloys investigated in this work. [12, [19] [20] . For the alloy series "S-X" with the same composition, the yield strength decreases and plastic strain increases with increasing the sintering temperature ( exponent. "S-X" indicates the alloy composition sintered at a specific sintering temperature, where "S" represents the alloy composition and "X" denotes the sintering temperature. [16] . Such a high ultimate strength is also higher than those for most Ti-based bulk metallic glasses [22] [23] [24] .
Mechanical behavior of SCed bulk alloys
The mechanical properties of these alloys reported in this work are also better than those of the fabricated alloys in previous work [6, 18, [25] [26] . 
Deformed microstructure of SCed bulk alloys
To reveal the relationships between high strength and large plasticity in these equiaxed-grained composites, the corroded SEM parallelepiped specimens and TEM specimens were selected for investigations regarding the deformation behavior and fracture mechanism. Fig. 6(a) shows the TEM bright-field micrograph of the sample B-1000 experienced partial deformation at strain of 20%, presenting a microstructure of ultrafine grained CoTi 2 with a size of approximately 700 nm surrounded by a β-Ti matrix. This finding is consistent with the SEM observations in Fig. 4(b) Apparently, cracks are preferentially formed at the grain boundaries of the CoTi 2 and β-Ti phases ( Fig. 6(a) ). Distinct dislocations are observed in the β-Ti matrix whilst they are rarely (Fig. 7(b) ). High-resolution TEM image (Fig. 7(c) (Fig. 8(a) ), indicating that the as-fabricated alloy has excellent plastic deformation ability [4] . For the alloy B-1000 specimen with a microstructure of equiaxed CoTi 2 phase surrounded by a ductile β-Ti matrix, shear bands are mainly observed in the matrix and they are restricted to the β-Ti regions by the CoTi 2 phase. The spacing between the shear bands decreases to approximately 120 nm ( Fig. 8(b) ). Cracks are located inside the ultrafine grained CoTi 2 phases and at the interfaces between the ultrafine grained CoTi 2 phase and β-Ti matrix. Similar phenomena are also observed in the deformed alloy C-1000 sample. Shear bands and cracks form in the deformed sample, and the spacing between the shear bands is approximately 250 nm in alloy C-1000
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( Fig. 8(c) ). However, for the deformed alloy G-1000, although a large number of shear bands are formed in the ductile β-Ti matrix ( Fig. 8(d) ), few cracks are observed inside the ultrafine grained (Cu,Ni)Ti 2 phase regions or at the interfaces between the ultrafine grained (Cu,Ni)Ti 2 phase and β-Ti matrix. The deformation behavior observed by SEM (Fig. 8) is in good agreement with the TEM observations (Figs. 6 and 7) Fig. 9 shows SEM fracture surfaces of the SCed bulk alloys. The fractography of alloy B-950 exhibits a honeycomb-like feature, which corresponds to a large plastic deformation and shows an ultrafine grained microstructure. For B-950, the grain size is approximately 400-600 nm. A crack can be found at the grain boundary of the CoTi 2 and β-Ti phases. The β-Ti phase seems to have better plastic deformation ability than the CoTi 2 phase (Fig. 9(b) ).
This is consistent with the TEM observations ( Fig. 6(a) ) and the SEM observations ( Fig.   8(b) ). The alloy G-900 having a microstructure with (Cu,Ni)Ti 2 phase dispersed in a β-Ti matrix displays a fracture morphology with honeycomb-like feature ( Fig. 9(d) ). But cracks are rarely observed at the grain boundaries of the (Cu,Ni)Ti 2 and β-Ti phases in G-900. Same scenario is shown in the F-900 (Fig.9(c) ).
Discussion
Fracture mechanism of SCed bulk alloys
As presented above, the as-fabricated alloys by sintering and crystallizing amorphous alloy powder display composite microstructures. Alloys B-G with microstructures of equiaxed second phase surrounded by a ductile β-Ti matrix exhibit an excellent combination of high strength and large plasticity. In contrast, for the alloy A with single β-Ti phase, although it has a high plasticity, the yield strength is lower than those for the alloys with equiaxed composite microstructures. Alloy H with a complex microstructure displays brittle fracture. Thus, the difference in strengths and plasticity of the alloys studied can be explained than that of the β-Ti phase [34] . According to Tabor's relation, hardness value is approximately 3 times the yield strength for metallic materials [35] . It indicates that the CoTi 2 or (Cu,Ni)Ti 2 phases have yield strengths much lower than the β-Ti phase. However, according to the mechanical properties of alloy A (Tables 2 and 3 (Fig. 8) . The interaction and multiplication of shear bands are characteristics of strain-softening, leading to the increase in plasticity. The blocking effect further contributes to the strength and plasticity of the ultrafine grained composites. Under high enough stress, cracks would be formed in the matrix, fracturing the as-fabricated bulk alloys.
Based on the discussed fracture mechanism for the equiaxed composite alloy, the yield strength of this type of materials is primarily determined by the hardness and area fraction of the second phases. It was recognized that the fcc (Cu,Ni)Ti 2 phase solid solution has lower hardness than the CoTi 2 intermetallic compound phase. Hence, considering the same phase region size in the second phases, the alloys with precipitated CoTi 2 phases exhibit higher yield strength of than the alloy G with precipitated (Cu,Ni)Ti 2 phase (Fig. 5 and Table 2 ). In summary, the as-fabricated alloys exhibit an excellent combination of high strength and large plasticity due to its particular microstructure and fracture mechanism.
Guideline of composition design and processing route for equiaxed Ti-based composites
Compared with crystalline powder during spark plasma sintering, amorphous powder possesses significant advantages in obtaining ultrafine/nanosized grained and high-density titanium alloys with an equiaxed microstructure and excellent mechanical properties.
However, not all the alloys fabricated by sintering and crystallizing amorphous powder exhibits extraordinary mechanical properties. For example, the alloy H having a complex microstructure, from which composition is a bulk metallic glass former by rapid solidification, groups [36] . The precipitated phase is primarily controlled by the elements M and N in this system. Secondly, to obtain a composite microstructure of ultrafine grained precipitated phases surrounded by a continuous ductile β-Ti matrix, the content of β-Ti stabilizer elements in this system should be adequate. Thirdly, yield strength can be improved by adding a small amount of Al, but the content of Al should be controlled to a reasonable level, at which the Al element cannot result in a new compound with other elements during mechanical alloying.
Finally, a high-density random-packed structure of the as-milled amorphous powder is a favorable factor for forming nanostructured or ultrafine grains. It is also recognized that the as-fabricated alloys by sintering and crystallizing amorphous powder prefer to form nanosized/ultrafine equiaxed grained microstructure (Fig. 4) . The SCed bulk alloys from amorphous powder also have better mechanical properties than the alloy consolidated from crystalline powders or blended element powders [6] . Hence, obtaining amorphous powder is a key procedure when fabricating high-performance titanium alloys. However, the alloys consolidated from amorphous powder whose composition has a high glass forming ability often display low strength and brittle facture (Fig. 5) . Therefore, for the process route in this work, the glass forming ability of the designed composition must be sacrificed for fabricating a titanium alloy with excellent mechanical properties. Theoretically, the alloy composition with low glass forming ability may be difficult to amorphize by using gas atomization. Hence, mechanical alloying becomes the necessary and powerful route to form amorphous powder for the alloy composition with low glass forming ability.
In summary, amorphous powder with designed composition possesses excellent characteristics, such as viscous flow in its supercooled liquid region and a highly dense random-packed structure [8] , which can be used to fabricate high-density alloy with ultrafine/nanosized equiaxed microstructure. However, alloys are typically composed of 18 brittle intermetallic compounds after crystallizing from amorphous state. For the process of sintering and crystallizing amorphous powder studied in this work, alloy compositions are firstly designed to have potential of forming a microstructure of an equiaxed second phase dispersed in ductile β-Ti matrix. Although amorphous phase may be not able to form in the designed alloy by rapid solidification or gas atomization, it is sufficient if amorphous alloy powder could be synthesized by mechanical alloying [37] . Then, nanostructured or ultrafine grains can easily be achieved by accelerating the nucleation rate and suppressing the grain growth induced by increasing heating rate and decreasing sintering temperature during the sintering procedure. H-800."S-X" indicates the alloy composition sintered at a specific sintering temperature, where "S" represents the alloy composition and "X" denotes the sintering temperature. shows the relationship of lnσ t vs lnε t , describing the work-hardening behavior. "S-X"
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indicates the alloy composition sintered at a specific sintering temperature, where "S"
represents the alloy composition and "X" denotes the sintering temperature. 
